A curious cytoplasmically inherited chlorophyll-deficient mutant, codified as cytoplasmic line 2 (CL2), was previously described in barley (Prina 1996) . It presented a time-dependent expression mainly localized on the upper part of the first leaf blade, showing a dynamics of greening and plastid development opposite to that usually observed in monocots (Mullet 1988 (Mullet , 1993 Prina et al. 2003) . Previous characterization by transmission electron microscopy and pigment analysis in experiments with antibiotics and different temperatures showed that CL2 syndrome produces a delay in plastid protein synthesis during embryogenesis, which is accompanied by a delay and sometimes an impairment of normal plastid development and plastid ribosome formation. On this basis, the infA gene, which encodes the translation initiation factor 1 (IF1), is proposed as a candidate gene responsible for CL2 syndrome.
In bacteria, the rate-limiting step for translation initiation is usually the formation of 30S subunit ternary complex with the mRNA (Pon and Gualerzi 1984; Stern et al. 1997 ) that, to proceed properly, requires the presence of 3 translation factors (Boelens and Gualerzi 2002) . IF1 functions in modulating 30S-IF2 interactions, and the association/dissociation of ribosomal subunits are widely recognized (Dahlquist and Puglisi 2000; Boelens and Gualerzi 2002; Croitoru et al. 2004; Laursen et al. 2005 ). Plastid translation is generally regulated at the initiation phase (Zerges 2000) . Among bacterial genes encoding translation initiation factors only infA gene has homologues residing in the plastome of higher plants (Millen et al. 2001) . IF1 is a highly conserved protein that has functional counterparts in all living organisms (Kyrpides and Woese 1998; Roll-Mecak et al. 2001 ) and belongs to the family of oligonucleotide-binding fold proteins, which also includes the ribosomal protein S1 and the cold shock proteins CspA and CspB. IF1 has shown to have not only structural resemblance but also functional similarities with those cold shock proteins (Laursen et al. 2005) . Mutants for infA gene have not been reported in higher plants, and they were rare until recently even in bacteria (Croitoru et al. 2004) . No phenotypes have been so far attributed to infA mutants in higher plants, and its functions in chloroplasts are inferred from information in bacteria (Kozak 1983; Millen et al. 2001 ).
Here we show results of infA gene sequencing in CL2 and CL2-like mutants and 2 different controls. We found one different point mutation in each of the 2 independent mutant origins, both of them affecting conserved residues in the deduced IF1 proteins.
Materials and Methods

Plant Material
Seeds of 2-rows spring barley (Hordeum vulgare L.) were used as experimental material.
The following chlorophyll-deficient mutants isolated from the barley chloroplast mutator genotype (Prina 1992) were included in the analysis. 1) CL2, which was described in introduction (Prina 1996; Prina et al. 2003) . 2) New independently originated CL2-like mutants selected from new mutator pools of plants carrying mutator genotype. In order to guarantee the independence of new mutational events from those preexisting in the plastome of the original mutator pool, these pools were originated by crossing the mutator genotype as male parent and consequently not contributing to the progenies with plastids previously affected by the mutator genotype. Only one seedling was so far selected by this procedure.
3) Newly selected CL2-like mutants selected from the original mutator genotype pool. Fifteen individual seedlings were isolated. 4) Cytoplasmic line 9 (CL9): homogeneous light green chlorophyll-deficient type (Prina AR, unpublished data), selected from the barley chloroplast mutator original pool, was used as a second control of wild-type infA gene.
MC182 (accession number of the Institute for Genetics E.A. Favret, Instituto Nacional de Tecnología Agropecuaria [INTA] ) was used as wild-type control.
Gene Cloning and Sequencing
Total DNA was extracted from leaves following a standard protocol (Fang et al. 1992) . The sequences of interest were amplified by polymerase chain reaction (PCR) with primers designed on the basis of published information of chloroplast DNA sequences of wheat (GenBank accession no. NC_002762), rice (GenBank accession no. NC_001320), and maize (GenBank accession no. NC_001666). A fragment of 930 bp was amplified using primer rpl36þ (5#-CCCCTGTCTTTGTTTATGCTTCG-3#) located on the rpl36 gene and primer rps8À (5#-CGAGAGGGTTTTATT-GAAAGTGTTCGG-3#) on rps8 gene and cloned into pCR2.1-TOPO Vector (Invitrogen TOPO TA Cloning kit). Amplification was performed in a final volume of 25 ll using 20 ng of total DNA, 2.5 ll 10Â buffer Taq, 2 ll MgCl 2 (25 mM), 1.25 ll dNTPs mix (2.5 mM each nucleotide), 0.8 ll primer rpl36þ (10 lM), 0.8 ll primer rps8À (10 lM), and 0.2 ll Taq Highway (5 U/ll). After denaturation at 94°C for 3 min, the reaction mixtures were heated to 94°C for 30 s, 58°C for 1 min, and 72°C for 1 min, in 30 cycles.
In order to detect possible mistakes made by Taq polymerase amplification, 5 or more independent colonies from each amplified sequence were analyzed, and a consensus sequence for each genotype was obtained. For sequencing the newly selected CL2-like mutants, a new pair of primers which only amplify the infA gene were designed: infAF (5#-ATGACAGAAAAAAAAAATAGGAGAGAA-3#) and infAR (5#-CTAATCCTTTGAATCTTTGGTATCCTT-3#). A Pfu Taq polymerase was used for amplification, and the fragments were sequenced as PCR products. Amplification was performed in a final volume of 50 ll using 20 ng of total DNA, 5 ll 10Â buffer Taq with MgSO 4 , 1 ll dNTPs mix (2.5 mM each nucleotide), 1 ll primer infAF (10 lM), 1 ll primer infAR (10 lM), and 0.5 ll Pfu Taq Promega (3 U/ll). After denaturation at 94°C for 5 min, the reaction mixtures were heated to 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s, in 30 cycles.
Most of the sequences were obtained at Laboratorio de Servicios en Biologia Molecular-CNIA, INTA, applying the dye terminator technique (DYEnamic TM ET terminator cycle sequencing premix kit, Amersham, Amersham Biosciences, Buenos Aires, Argentina) with the help of a DNA ABI sequencer 373A. The sequences corresponding to the newly selected CL2-like mutants were acquired from a local private service provider. All sequence data alignments were performed using the ClustalW WWW Service at the European Bioinformatics Institute (http://www.ebi.ac.uk/ clustalw) (Chenna et al. 2003) .
RNA Isolation and Reverse Transcription-PCR
Total RNA was isolated from 7-day old leaves with Trizol (Invitrogen, Buenos Aires, Argentina) according to the manufacturer's procedure and treated with DNAse RQ1 (Promega, Madison, WI). Complementary DNA (cDNA) was synthesized with SuperScript III reverse transcriptase using the antisense primer infAR, according to the manufacturer's instructions (Invitrogen). Products of reverse transcription were amplified by PCR using Pfu Taq polymerase as described above.
Results and Discussion
In Figure 1 , it can be observed that wild-type barley infA gene sequence (GenBank accession no. AY488512) differed in some nucleotides from that previously reported for wheat (GenBank accession no. NC_002762). However, the corresponding IF1 proteins were identical (Figure 2) .
On the other hand, infA gene sequences from CL2 mutant carried a mutational change in all the 5 independent colonies analyzed in comparison to 11 independent colonies analyzed from barley wild type. It was a T / C transition at nucleotide 157 (GenBank accession no. AY488513), corresponding to a semi-conserved amino acid change of serine to proline at residue 52 of the IF1 protein, which is a highly conserved residue in Poales (Figure 2) . Furthermore, it is located in a segment that is homologous to that comprising residues 36-49 in Escherichia coli, which has been pointed out as probably important for IF1 functions and has given several functional mutants (Croitoru et al. 2004 ). Other 15 CL2-like seedlings were isolated from advanced progenies of natural self-pollinated plants, corresponding to the original chloroplast mutator pool from which the first CL2 mutant was previously isolated (Prina 1996) . All the 15 new isolates presented an identical base substitution to that observed in the original CL2. As the independence of the mutational events that originated each of them cannot be established, these results only allow us to conclude that this mutant allele could be easily selected at the level of individual seedlings. On new pools made by crossing the mutator genotype as a male parent, only one CL2-like mutant was isolated and it showed maternal inheritance. Sequence analysis of the infA gene in this new mutant also showed a point mutation, which was Brief Communications observed in all the 7 independent colonies from CL2-like mutant. This was also a T / C substitution, but this time at nucleotide 97 (GenBank accession no. AY743911). It corresponded to a conserved amino acid change, from phenylalanine to leucine at residue 32, which is a universally conserved residue of the IF1 protein (Figure 2) . Interestingly, CL2-like seedlings greened faster than CL2 seedlings. We observed this difference on progenies of plants harvested at the field nursery. However, given the marked influence of the temperature during embryogenesis on CL2 phenotype expression , we must consider that a conclusive experiment using seeds developed under controlled environmental conditions should be done. Another mutatorinduced mutant, CL9, completely different to that described in CL2, was used as an additional control and, as expected, it showed the wild-type infA sequence. Nine independent colonies from CL9 mutant were sequenced.
Both mutations observed were T / C substitutions occurring in a first codon position, making it unlikely that they could be subjected to mRNA editing, which in higher plants chloroplasts is mostly restricted to C / U conversions located at the second codon position (Sugiura et al. 1998; Bock 2000) . However, to confirm if editing could restore the cytidine to uridine in the mRNA, we sequenced the cDNA of the infA transcripts from the wild-type and CL2 mutant, and we found that the mutation was conserved at the mRNA level.
Previously, with a few exceptions recently reported (Drescher et al. 2000; Ahlert et al. 2003; Kuroda and Maliga 2003; Kode et al. 2005) , little importance has been given to the influence of plastid genes on the control of early plastid development (Mache et al. 1997; Leon et al. 1998) . Mutants in nuclear genes that affect plastid ribosomes were previously reported in barley (Börner et al. 1976 ) and maize (Walbot and Coe 1979) , but in those cases, plastid ribosomes were absent during all the plant cycle. Those unstable genotypes were conspicuously manifested in F2 seedlings and induced a narrow spectrum of chlorophyll deficiencies. On the other hand, the mutator genotype from which CL2 and CL2-like mutants were isolated induces a wide spectrum of chlorophyll mutants, which includes several viable and normal-vigor types (Prina 1992 (Prina , 1996 . Besides, mutator effects are slightly manifested in the F2 generation, and only subtle mutational changes ontheplastomehavesofar been detected on mutator-induced mutants (Ríos et al. 2003; Colombo et al. 2006) .
Results strongly suggest that CL2 and CL2-like are infA gene mutants, this being the first time that a mutant phenotype is attributed to infA gene in a higher plant. The conditional expression of CL2 mutants make them a promising experimental material for addressing the functions of IF1 in higher plants and for a better understanding of plastid protein synthesis and plastid development in monocots. 
